The gravity model of trade is one of the most common approaches in modern econometrics. In its basic form, the model assumes that income and distance between two partners most likely play a major role in the occurrence of trade. Despite the long history of the gravity model and its high, universal explanatory potential, its application for the forest sector is not broad and refers only to the traditional definition of the gravity approach. However, this traditional approach is not able to explain all aspects of trade at a disaggregated sector level. Consequently, the present study aims to close this research gap and reveal influencing factors for the appearance and the intensity of forest product trade by applying the structural gravity approach. This is done via linear and non-linear estimation methods for the forest sector on the whole and for thirteen forest products in detail. Three major results were found: first, the traditional gravity approach overestimates the impact of the overall income on forest sector trade. Second, the appearance of wood market trade is not always influenced by the same factors as the quantity traded. Third, with increasing processing level, determinants of forest product trade seem to be influenced by different factors.
Introduction
In the complex network of international relationships, trade plays an important role for economic development, wealth and intercultural exchange. This is why the role of trade in the forestry and wood-based sector has already been analyzed in many ways, e.g., in context of the forest transition [1], illegal logging [2] or the network theory [3] . However, trade is no exogenous factor in the forestry sector; it is influenced by factors such as income, free trade agreements [4] , shifting demand patterns [5] or domestic production [6] . A theory which fits all possible factors is not within reach but in 1962, Tinbergen introduced the gravity model of trade to explain international trade on the macro level [7] .
The idea of trade gravity is borrowed from a basic principle of physics, where the mass of an object causes a force of attraction which diminishes with increasing distance; this force is called gravity. A similar effect can be observed in economics: the economic mass of both the domestic and the partner country attract trade while this effect is restrained by the distance between the potential trading partners. Since its first introduction, the gravity model is characterized by both a long history of applications across disciplines and by high empirical relevance [8] . However, while it gained attention in general economics, only few studies used the gravity model to describe bilateral trade in forestry and forest-based sectors. Some recent studies used this theory to explain trade flows with local focus for, e.g., agricultural exports of the USA [9] , forest product trade relations between the EU member countries and Turkey [10] , forest product trade between European countries [4] or trade in Chinese bamboo and rattan products [11] . To our knowledge only two studies used the model to analyze international wood market trade in the last 20 years on global level [12, 13] . While Buongiorno [12] 
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Methodology
The gravity model of trade may be derived as an analogy from physics, but developed further since its first introduction and became common knowledge in economics [19] . Approximately, in the last 10 years it became common to estimate gravity for forest sector specific trade [4, [9] [10] [11] [12] [13] . However, existing literature for gravity in wood markets refer only to the traditional definition of the gravity model. According to this traditional definition, the specific trade flow (X) from the exporter j to importer n is influenced by the overall domestic income (Y) and bilateral accessibility (Φ) between partners. Bilateral accessibility describes time-invariant characteristics of a country pair such as distance or sharing the same language.
The multiplicative form of Equation (1) results from the physical analogy and is suitable to be estimated in log-log form with bilateral country fixed effects. Even though this model was successful in the explanation of aggregated trade, for the analysis of sector or product specific trade this traditional outline is too general [16] [17] [18] . Sector or product specific effects cannot be matched solely by the aggregated domestic income. Therefore, the gravity model was developed further into its structural definition. This definition also aims to identify drivers of the specific trade flow (X nj ). Apart from material flow, trade can also be described by the flow of money. This expenditure from n to j for a specific product can be seen as a share (π nj ) of the total expenditures in country n (X n ):
The main issue in the context of structural gravity is to explain the share of total domestic expenditures to a specific trade flow. Through steps of transformation (see Appendix A or [18] ), Equation ( 2) leads to Equation (3) . Here, the import in country n is explained by the total production in country j (Y j ), an index of market potential in j (Ω j ), the degree of competition in that market (Φ n ), and bilateral accessibility (ϕ nj ). While the index of market potential covers the maximal possible sales from j in the world (and in domestic market), the degree of competition captures the sum of all export capabilities (and domestic production) to n:
Equation (3) covers this structural definition of gravity and explains why income plays such an important role for bilateral trade in aggregated markets:
"At the aggregate level one should measure Y j as gross production (not value-added) of traded goods (assuming X nj is merchandise trade) and X n should be apparent consumption of goods (production plus imports minus exports). However, in practice GDP is often used as a proxy for both Y j and X n "
For the sectoral specific application of the structural gravity, Y j can be interpreted as the sectoral production in the exporting country and X n as the sectoral consumption in the importing country. Again, bilateral accessibility (ϕ nj ) describes time-invariant characteristics of a country pair such as distance or sharing the same language. However, as Ω j and Φ n cover potential market developments, they are difficult to measure for an econometric ex post analysis. In order to reach an approximation for market potential (Ω j ), we assume that the sectoral consumption in the exporting country equals the maximum possible sales from j in the world (and in domestic markets) because consumption (defined as production − export + import) captures the domestic need of a product and therefore the potential to export to other countries. Furthermore, for the degree of competition (Φ n ), it is assumed that the capability to export to a certain country is dependent on the existing production in the importing country. Therefore, the degree of competition in this study will be established by the production in the importing country.
In the next step, we transfer this theoretical framework of gravity into econometric analysis by applying a simple ordinary least squares (OLS) regression with importer and exporter fixed effects [20] . This fixed-effects approach (FE) was chosen because bilateral trade data contain individual effects for importer as well as for exporter countries. A simple OLS, therefore, would be biased a priori by this individual heterogeneity. Since the gravity model is nonlinear and the FE is designed for linear problems Equation (2) has to be transformed in log-log form:
However, this log-log form can cause another problem: if heteroscedasticity is still persistent within the FE framework, the estimation would be biased, because of Jensen's inequality E(ln Y) ln E(Y). For this reason, a Poisson pseudo-maximum likelihood estimator (PPML) with importer and exporter dummies is suggested to estimate gravity models [21] . The PPML estimation has the advantage that it can be estimated in nonlinear form and, in addition, still works if zeros entries (the non-existence of trade between single countries) are included in trade data. Especially the latter issue is problematic in the log-log form of FE: "Since it is not possible to raise a number to any power and end up with zero, the log of zero is undefined, and zero-trade flows cannot be treated with logarithmic specifications. At the same time, they need to be dealt with since they are non-randomly distributed. They indicate absence of trade, hence suggesting that barriers to trade are prohibitive to allowing a particular trade relationship to take place at a given demand and supply" [8] (p. 82). Additionally, it may be possible that the likelihood of the occurrence and the magnitude of trade have different backgrounds. This study separates both problems and tests whether PPML with zero trade flows and PPML without zero trade flows differ significantly. A significant difference in the results of these two approaches could hint at the possibility that the appearance of wood market trade and its intensity may be influenced by different factors. To test for the equality-or differences-of modelling results obtained with the two PPML approaches, we follow the approach of [22] with the null hypothesis (H 0 ) that the coefficients estimated with the two PPML models do not significantly differ.
In case that the testingprocedure shows that the coefficients for the PPML estimations significantly differ, we applied a Maximum-Likelihood approach (ML) with importer and exporter dummies. This procedure is done because Larson et al. [13] found that it may be possible that a PPML with and without zero trade in the forest sector differ. However, such difference may be important in sector specific trade flows and could therefore be a crucial part in the estimation of gravity in forest sector. For this purpose, we applied ML estimation with the binary response variable, trade (1) or no trade (0). With this method, it is possible to interpret factors that influence only the likelihood of whether trade happens.
Summarizing our approach, we started with the estimation of FE, then we tested on the existence of heteroscedasticity and if it was found, we applied the PPML estimations. The PPML were applied for data with and without zeros in trade flows and the results of both estimations were compared with each other by applying the approach of [22] and-in case they differ-we used a ML model to explain the reason of the difference. All estimations in this whole approach control for time-varying effects by including time fixed effects.
Data
Regarding structural gravity theory, five main influencing variables can be listed in the context of bilateral trade in wood markets: the production value of the exporter, the value of expenditures in the importing country, the production capacity of the exporter, market competition in the importing country and the accessibility from exporting to importing markets. However, because these variables have almost no direct equivalent observation in global databases, the present study has to use proxies which fit in these categories. Therefore, we collect data from different sources to capture as many determinants of wood market trade as possible. The database of the Centre d'études prospectives et d'informations internationals (CEPII) identifies proxies for market accessibility [23, 24] . The forestry databases of the Food and Agriculture Organization of the United Nations (FAO) are used to explain trade and production data for fourteen major wood products (an overall 'forest products' category, industrial roundwood, sawnwood, veneer sheets, plywood, fiberboard, wood pulp, newsprint, paper and paperboard, industrial roundwood coniferous, industrial roundwood tropical, industrial roundwood non-coniferous, sawnwood coniferous and sawnwood non-coniferous) [25, 26] . Moreover, the World Development Indicators (WDI) provides data for income [27] . Altogether, the database we gathered contains 74 variables (see Table A1 in Appendix A). However, choosing the most fitting variables for consistent analysis over 14 product groups is complex. We decided to group all variables in one of the five categories of the structural gravity approach (total expenditures, total production, market potential, degree of competition and bilateral accessibility) and applied FE estimations with various combinations of these five categories. We compared the results via adjusted R 2 , the Akaike information criterion (AIC) and Bayesian information criterion (BIC) and found that some variables are more likely to be part of a good specified product specific model than other. These variables are displayed in Table 1 . Even though these variables were not part of any of the most fitting product specific models, they were always important factors. Therefore, in the following we will show only results for the variables displayed in Table 1 . As response variable, we chose the export over the import value because this is not biased by tariffs or other trade costs. [23, 24] In the following we will introduce the determinants of global wood market trade flows defined for the present study. First, total production in the exporting country should be positively related to trade. For this category we suggest three possible variables: GDP per capita, forests rents and the quantity of production in the exporting country. Here, the econometric approach for the forest sector differs from general structural gravity approaches. Although in a macro perspective gross domestic production equals GDP, in a sectoral perspective it does not. Here, the sectoral production is important. This sectoral production can be observed, e.g., by forest rents (in percentage of GDP taken from the WDI. The World Bank estimated it by using roundwood harvest times, the product of average prices and a region-specific rental rate [27] ) or the specific production of a product. However, GDP per capita should not be ignored in this category because it could also be a proxy for, e.g., the sectoral production potential.
Second, total expenditures in the importing country can be determined by its GDP per capita, the related forests rents and the consumption of certain products. All variables in this category should also be positively related to trade.
Third, for the category 'market potential', we defined the consumption of a certain product in the exporting country as a proxy variable. Here, the consumption can be interpreted as the total demand of the product which would compete with supply for exports. If the domestic demand for a product is high, this should reduce exports. The overall production of a good in the importing country in this study will be used as proxy to cover the degree of competition in the importing country. This is done because the export to one country will always compete with the domestic production in the importing country. However, both the degree of competition in the exporting country and the market potential in the importing country are difficult to measure but should be negatively related to trade.
Fourth, market accessibility can by determined by distance, cultural similarities or trade politics between two countries. Distance can be measured between capitals, economic centers or some other geographic points. In this study we decide to use the distance between capitals as a measure for distance. However, this measure does not inform about direct borders. For example, the distance between Peking (China) and Moscow (Russia) is 5795 km, while the distance between Moscow and Berlin (Germany) is 1614 km [23] , even though Germany and Russia do not share a border. It could be assumed that the closer the distance, the greater the chance that trade could occur between the partner countries. Nevertheless, Russian exports to China account for 12.4% of its total export value of wood products, while exports to Germany account for only 7.6% [28] . This effect, to some degree, can be explained by the difference in total GDP between Germany and China, but the direct border shared by Russia and China may also play a role. While trade between Germany and Russia has to cross a minimum of two borders (except for transports by sea or by plane), trade between Russia and China can take place directly at the shared border. Therefore, a parameter covering continuous countries should be included in the econometric specification of the gravity theory in addition to the mere distance. Cultural similarities and trade politics, such as sharing the same language, being members of the EU or other free trade agreements, could ease negotiations or bureaucracy, which, in turn, could also raise trade activities between countries. Thus, the present study includes dummy variables for contiguous countries, countries sharing the same language, being members of the EU, the existence of free trade agreements and the distance between the capital cities of two countries to explain the category market accessibility.
Results and Discussion
In the following, we will present the results of the structural gravity approach created in the present work. Therefore, we start with the product group 'forest products', which is the aggregate of all forest products. It is notably that for 'forest products', trade is positively dependent on the income of both partners, while it is negatively dependent on the distance between these partners (see Table 2 ). The traditional definition seems to hold even in the structural gravity environment. This result is independent from the underlying estimation method: FE, PPML with zero trade flows, PPML without zero trade flows and ML yield to the same finding. Notwithstanding, to test for the best estimation model, a Breusch-Pagan-test was conducted. This points to heteroscedasticity in the FE model and implicates that the PPML model should be preferred over the FE linear regression model. Following the approach of [22] , we also found significant differences between PPML estimation with and without zero entries in the export value. However, the differences between the PPML models are small and the estimated coefficients behave similar in both models. The ML estimation then gives information about the reasons of the small differences between the PPML models: contrary to the magnitude of trade, the likelihood of the occurrence of trade is not influenced by forest rents of the exporting country. In contrast, the language in both partner countries is an important factor for the likelihood of the occurrence of trade, but not for the magnitude of trade. Finally, while the magnitude of trade is negatively dependent on the consumption in the exporting country, the likelihood of the occurrence of trade is positively dependent on it.
As mentioned above, forests rents, consumption, and the GDP of importing countries can be interpreted as proxies for total import expenditures. Within the framework of structural gravity, this interpretation leads to the assumption that all three variables are positively correlated with trade. However, our results reveal that only the consumption of forest products and the GDP in importing countries show significant positive signs in estimations. In contrast, forest rents in importing countries are negatively significant. Together with the non-significant influence of production in importing countries, this leads to the conclusion that, contrary to theoretical classification above, forest rents in importing countries function similar to the degree of competition in the importing country. On the other hand, and within the framework of structural gravity, production, forest rents and the GDP in the exporting country can be interpreted as part of the production value of the exporter. These variables behave exactly as suggested above and, thus, influence trade in a positive way, based on our results. Furthermore, according to our results it seems that the consumption in exporting countries is a suitable proxy for the market potential of the exporter as it significantly influences the magnitude of trade in a negative way.
In reference to the bilateral market accessibility, we found evidence that it is determined by the distance, a common border and the existence of free trade agreements between trading partners. Results show that with increasing distance, both the magnitude and the likelihood of the occurrence of trade are significantly negatively influenced, while sharing a border increases both components of trade. In general, we found that free trade agreements have a significant positive effect on trade, too. Membership of the EU turns out to be a special case in the context of free trade agreements. We found that it is an advantage for trade activities only if both partners are member of the EU but a disadvantage if only one partner is an EU member. Sharing the same language only increases the likelihood of the occurrence of trade but not its magnitude and can therefore only partly be interpreted as a variable in our structural gravity model which eases market accessibility. In the next step, more detailed results will be presented for all 13 individual products. For this purpose, we grouped the individual products into the groups 'industrial roundwood', 'sawnwood', 'veneer, plywood and fiberboard' and 'wood pulp, newsprint and paper and paperboards'. For all individual products, we conducted Breusch-Pagan Tests and subsequently the approach of Paternoster [22] , but we always found that the FE contains heteroscedasticity and both PPML approaches differed significantly. Therefore, the following results will be presented only for the estimation methods ML and PPML without zero trade flows.
Industrial Roundwood
In contrast to other product groups, industrial roundwood trade is significantly less driven by economic dependencies (see Table A2 ). Factors, such as domestic production or consumption, do not influence the trade of any of the four products of industrial roundwood (tropical, coniferous and non-coniferous, as well as the aggregate of all three products). However, in the case of aggregated industrial roundwood and coniferous industrial roundwood, the GDP of the exporting country influence the magnitude of trade significant negatively. For non-coniferous industrial roundwood, exporters' GDP has no significant impact on the magnitude of trade, but the occurrence of trade is significant less likely if the GDP of the exporter is high. Consequently, our results suggest that high income countries attract industrial roundwood from low income countries. The opposite effect can be observed for the tropical parts of industrial roundwood. Here, the magnitude of trade is significantly positively dependent on the income of the exporter and significantly negatively dependent of the importer's income. Another interesting result is that free trade agreements influence the magnitude of trade for non-coniferous and tropical industrial roundwood significantly negative. An explanation for such relationship may be that free trade agreements go along with harmonized regulations and decreasing levels of protectionism. Altogether, the structural gravity approach does not seem to be the best approach to explain trade in the industrial roundwood product group. Within this group, trade may be influenced by interrelations which were not subject of the present study. However, it is possible that these results can, to some degree, be explained by the raw material character of industrial roundwood.
Sawnwood
For the aggregated sawnwood product (coniferous plus non-coniferous), the GDP in the importing country is significantly positively related to the magnitude of trade (see Table A3 ). The GDP in the exporting country have no significant influence on the magnitude of trade. Contrarily, the likelihood of the occurrence of trade is dependent of GDP in both importing and exporting partner countries, based on the ML results. In contrast to industrial roundwood, here, all coefficients, except for sharing the same language and forest rents in the importing country, behave as the theory suggests. Interestingly, the likelihood of trade for the aggregated sawnwood is not significant influenced by the distance between partners. This interrelation is unique for all estimations in this study. However, the trade for both individual products, coniferous and non-coniferous sawnwood, behaves mostly as structural gravity theory suggested. However, it is contrary to the expectation that the income of exporting countries shows a significant negative influence on the magnitude of trade for non-coniferous sawnwood. As for non-coniferous industrial roundwood, an explanation for this effect might be that high-income countries attract non-coniferous sawnwood from low income countries.
Veneer, Plywood and Fiberboard
Contrary to the trade of sawnwood, we found that the importers' GDPs do not influence the trade value of wood panels positively (see Table A4 ). For plywood and fiberboard there is no significant influence and for veneer this interrelation is negative significant. However, most coefficients influence the magnitude of trade and the likelihood of its occurrence for the individual products of this product group in the way the structural gravity approach above suggested. Even though, the EU membership of only one partner is significant negatively related to the magnitude and also to the likelihood of the occurrence of fiberboard trade. However, the EU membership of both trade partners does not influence any kind of fiberboard trade.
Wood Pulp, Newsprint and Paper and Paperboards
For the product aggregate 'paper and paperboards', the income in the importing country is significantly negatively related to the magnitude of trade, while the income of the exporting country is significantly positively related to the magnitude of trade (see Table A5 ). This implies that it is likely that countries with higher income export paper and paperboards to countries with lower income. The level of consumption, on the other hand, is significantly positively related to the magnitude of trade in both the importing and the exporting country, which implies that the demand for paper and paperboards in the exporting country does not restrict export quantities. For the product newsprint, the magnitude of trade is not significant influenced by the GDP of one trade partner. However, the occurrence of trade for this product significantly increases if the GDP in the exporting country is increasing. Eventually, instead of GDP, the domestic production seems to be the "economic mass" variable for newsprint trade. Here, the traditional gravity approach has fallen short in the past, since it aims to specify the driving variable, but failed because it only investigated GDP and distance as possible determinants. On the other hand, the traditional gravity approach holds for wood pulp trade, but can be expanded on by production and forest rents of the exporting country as well as the consumption of the importing country (all three are significant positive related to the magnitude of trade).
After the previous presentation of our results in general and in detail for 13 individual products, we compared the results for individual wood products with each other (results in Tables A2-A5). In this regard, one of our main findings is that with increasing complexity in the manufacturing process trade is determined by varying factors. For industrial roundwood, e.g., we found that processing is noticeably less influenced by factors such as rents in the forest sector or free trade agreements compared to paper products. It also holds that, if one of the trade partners is an EU member, this is an advantage for trade with industrial roundwood, sawnwood and veneer, but it is a disadvantage for trade with paper products. However, if both partners are EU members, forest products trade is always increasing (except for wood pulp and newsprint, as in this case this variable does not influence trade).
In the last part of this chapter, we will compare the results of the present study, with previous studies. For that, we only use results estimated with similar methods and product categories. We found that in the structural gravity environment, the GDP effect seems to be smaller, as noted in previous studies (see Table 3 ). This conclusion holds for all GDP coefficients except for paper products where the GDP effect for the exporter is higher than the result suggested in [12, 13] . Thus, we conclude that the traditional gravity approaches applied in the past may overestimate the impact of GDP on forest sector trade by not accounting for forest sector specific effects. Table 3 . Comparison of GDP effects from structural (own estimations) and traditional gravity (results from [12, 13] ). 
Conclusions
In the present study, we applied a structural gravity model to explain the occurrence and magnitude of trade between two countries. This approach goes beyond the framework of previous studies, which concentrated on the application of a more traditional approach of gravity. Summarizing, we found that this structural gravity approach offers a more detailed look about the factors that influence bilateral trade in this sector as the traditional gravity model could do. Simultaneously, it provides a broader theoretical background. Nevertheless, the GDP as an aggregated factor is still a powerful tool to explain bilateral trade in the forest sector. The question why such an aggregated factor influences forest sector specific trade cannot fully be clarified by this study and remains for further research. However, the present study shows that past studies, which used the traditional gravity definition, overestimates the aggregated GDP effect on forest sector trade. The structural gravity framework applied here, on the other hand, tries to explain parts of this general GDP effect by including forest-sector specific parameters such as domestic production, consumption or forest rents in the econometric analysis. Further research could aim to identify determinants of product specific trade which potentially explain the influence of aggregated parameters, such as GDP, in even more detail.
Another finding of this study is that trade of further processed wood products behave differently than trade for raw materials, e.g., while trade for industrial roundwood increases with lower incomes in the exporting country and higher incomes in the importing country, the reverse relationship can be found in paper and paperboards. This effect may be observed because wood processing industry are rather located in countries with higher income, while low income countries are more likely to export the raw materials.
Finally, this study aims to identify factors influencing both the likelihood and the magnitude of trade flows. We found that in most cases these determinants behave similarly for both trade characteristics. However, for some product groups, there is a significant difference between these characteristics. The consumption of the overall forest product category, for example, is positively related to the occurrence and negatively related to the magnitude of trade. Even more interesting is the fact that the occurrence of aggregated sawnwood trade is not determined by the distance between trade partners, while the magnitude of trade is negatively dependent on this distance. This effect does only hold for this aggregated sawnwood and not for coniferous or non-coniferous sawnwood, respectively, and may result from the issue that aggregated product trade response differently than disaggregated product trade to external characteristics. This should be kept in mind for further research. 
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Appendix A
This definition of structural gravity can be explained by the specific trade flow (X nj ), which is described as expenditure from n to j for a specific product. However, this expenditure is only a share (π nj ) of the total expenditures in country n (X n ):
The derivation of structural gravity starts by describing the share of total domestic expenditures to a specific trade flow:
Here, S j capture the capability of j to export, ϕ nj the bilateral accessibility and Φ n the set of opportunities for consumers in n and therefore the sum of all export capabilities to n Φ n = l S l ϕ nl . Inserting Equation (A2) in Equation (A1) leads to:
The sum of all exports and the domestic production (X nn ) is defined as Y j :
Applying this accumulation for Equation (A3) leads to:
Introducing Ω j as an index for market potential which cover the maximal possible sales from j throughout the world Ω j = l ϕ lj X lj Φ l and inserting it into Equation (A5) leads to:
Inserting Equation (A6) in Equation (A3) leads to:
Equation (A7) is then the resulting structural gravity estimation as described by [18] . PPML 1 = PPML without zero-trade; Standard errors in parentheses; ***, ** and * are significant at the 0.1%, 1% and 5% level, respectively.
